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Membranes as sensitive targets in thymocyte apoptosis
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Abstract. The role of cellular membranes in thymocyte
apoptosis has been examined. Trolox, a water soluble analogue
of vitamin E and inhibitor of membrane damage, inhibits DNA
fragmentation in thyvmocytes exposed to y-radiation. Trolux is
most effective in inhibiting DNA fragmentation when added to
cells within 30 min post-irradiation. Exposure to trolox only
during irradiation did not prevent DNA fragmentation, sug-
gesting that it does not work by scavenging free radicals
generated during radiation exposure. Incubation of the irra-
diated cell suspension with trolox for 2h post-irradiation was
sufficient to prevent DNA fragmentation measured at 24h in
irradiated cells. This suggests that trolox irreversibly inhibits a
cellular lesion required for apoptosis. The induction of DNA
fragmentation appears to be related to a concurrent, pro-
nounced flow of Ca?* into the ccll. At 3 h post-irradiation the
amount of Ca‘” in irradiated thymocytes was more than twice
that of unirradiated thymocytes. Membrane damage has been
shown to affect the transport of Ca®*. Trolox treatment com-
pletely blocked the radiation-induced influx of Ca?* into the
thymocytes. These results suggest that membrane damage is a
critical lesion that is involved in DNA fragmentation in thymo-
cyte apoptosis.

1. Introduction

Thymocytes are among the most radiation sensi-
tive cells in the body. At clinically relevant doses of
radiation they diec by a process termed interphase
death or apoptosis (Maruyama and Feola 1987,
Sellins and Cohen 1987). Apoptosis can also be
induced by other physical agents, including hyper-
thermia (Sellins and Cohen 1991, Harmon et al.
1991), UV irradiation (Martin and Cotter 1991,
Servoma and Rytoma 1990), and the photodynamic
action of phthalocyanines (Agarwal et al. 1991).
Agents such as cytotoxic T-cells (Martz and Howell
1989), antibodics against CD3 (Smith e/ al. 1989)
and other molccules of the cell membranc (Trauth
et al. 1989), or glucocorticoids (Wyllic 1980) induce
apoptosis in target cclls by receptor-mediated pro-
cesses, Apoptosis is distinguishable from the more

*Author for correspondence,

tOfice of Chair of Science, $Radiation Biochemistry Depart-
ment, Armed Forees Radiobiology Research Institute, 8901
Witconsin Avenue, Bethesdla, MDD 20889 5603, USA.

common necrotic death, which is characterized by a
generalized breakdown of cellular structure and
function. Apoptotic decath is, on the other hand, a
physiological response to stimuli that has also been
called cellular suicide or programmed cell death
(Kerr et al. 1972).

Even though several morphological and bio-
chemical changes have been described in apoptosis,
it is not clear which biological systems or molecules
participate in the process, or how their damage
results in cell death. The most characteristic bio-
chemical event during apoptosis is fragmentation of
nuclear DNA into oligonucleosomal subunits that
precedes cell death (Ramakrishnan and Catravas
1992a, Cohen and Duke 1984, Smith ef al. 1989,
Bellomo et al. 1992). The fragmentation of nuclear
DNA during apoptosis appears to be due to acti-
vation of a Ca?*-dependent nuclear endonuclease
that is constitutively present in an inactive form in
thymocyte nuclei (Nikonova et al. 1982, Cohen and
Duke 1984, Kaminskas and Li 1989, Ramakrishan
and Catravas 1992a); The-process by which this
enzyme becomes u€tivated is unknown, though there
is an increase in intracellular Ca?* concentration
during apoptosis (McConkey el al. 1988, 1989a,
1990, Story et al. 1992). The integrity of the plasma
membrane plays an important role in maintaining
the Ca?* homeostasis in the cell (Lucy 1972, Pascoe
and Reed 1989).

An essential role for the lymphocyte plasma mem-
brang.in the development of apoptosis has been
proposéd (Konings 1981, Ashwell ¢t a/. 1986, Sun-
gurov and Sharlacva 1988). In irradiated thymo-
cytes the onset of nuclear DNA fragmentation is
preceded by changes in the structure and function of
cellular membranes (Zherbin and Chukhlovin 1984,
Yamada el al. 1969, Chandra and Stefani 1981,
Sungurov and Sharlacva 1988). The permeability of
the plasma membrane and cell volume increases
following y-irradiation of lymphocytes, which may
be mediated by an oxygen-dependent free-radical
chain reaction (Ashwell et a/. 1986). Lymphocyte
survival following y-irradiation is inversely dose-rate
dependent, and may be due to radiation-induced
damage to the plasma membranc of the cell (Kon-
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ings 1981). The expression of surface 1gG on B cells is
highly radiosensitive and involves activation of pro-
tein kinase C (Ojeda et al. 1991). Recently, it has
been reported that protein kinase C is activated
during apoptosis induced by y-irradiation (Ojeda e
al. 1992) and glucocorticoids (Ojeda et al. 1990).
This activation of protein kinase C may be related to
increases in diacvlglycerol, one of the earliest signal-
induced breakdown products of membrane-bound
inositol phospholipid.

In this study we used trolox to investigate the
involvement of membranes in DNA fragmentation
in thymocytes exposed to y-radiation. Trolox is a
water-soluble analogue of vitamin E that penetrates
biomembranes rapidly (Doba et al. 1985, Castle and
Perkins 1986). It is a powerful inhibitor of mem-
brane damage and protects mammalian cells from
oxidative damage both in vivo (Casini et al. 1985,
Mickle et al. 1989) and in vitro (Wu et al. 1990). Our
results show that exposing thymocytes to trolox after
irradiation  blocks DNA fraqmentatlon The
radiation-induced influx of extracellular Ca?* is also
inhibited in trolox-treated cells.

2. Materials and methods
2.1. Thymocyte isolation

CD2F!1 male mice (6-7 weeks old) were killed
with CO; and their thymuses removed and placed in
ice-cold culture medium [RPMI 1640 medium sup-
plemented with 25mm HEPES buffer, 2mm L-
glutamine, 55 um 2-mercaptoethanol, 100 U/ml pen-
cillin, 100 ug/ml streptomycin, 0-25 ug/ml ampho-
tericin B, all from GIBCO/BRL (Grand Island, NY,
USA) and 109, heat-inactivated foctal calf serum
(HyClone Laboratorlcs. Logan, UT, USA)]. Single-
cell suspensions were prepared by pressing the
organs through wire mesh screens followed by pass-
age through a 25-gauge ncedle. The cells were
washed once and resuspended in medium. Viable
cells were determined by their ability to exclude
trypan blue (Warters 1992).

2.2. Irradiation

Thymocytes suspended in medium (2 x 10%/ml)
were exposed to 1:5-6:0 Gv 99Co y-radiation at a
nominal dose rate of 1 Gy min using the AFRRI
cobalt facility.

2.3, Trolox treatment

Immediately after irradiation, cells were centri-
fuged at 200g for 10min, resuspended in fresh
medium at 2x10% cells/ml, and incubated with
trolox (Hoflman-LaRoche, Nutley, NJ, USA) at
37°C under an atmosphere of 5%, CO; in air. It was
nccessary to prepare stock concentrations of trolox
(100 mm) in 1 M NaHCOj, because of its poor solu-
bility in water above 1-8 mM (Wu ef al. 1990). The
pH of the stock was adjusted to 7-0 with I~ HCI,
and the stock was diluted to working concentrations
with medium.

Dexamecthazone was dissolved in a minimal
volume of ethanol and diluted to the desired concen-
tration with culture medium. Thymocytes were
incubated with dexamethazone with or without
trolox as described above. A similar volume of
ethanol was added to controls.

2.4. DNA fragmentation assay

DNA fragmentation was assayed as previously
described (Ramakrishnan and Catravas 1992a). At
selected times cells were harvested by centrifugation
at 200 ¢ for 10 min. The cells were lysed with 0-2 ml
ice-cold hypotonic 10 mm Tris-HC1, pH 7-5, con-
taining 1 mM EDTA and 0-2%, Triton X-100 (lysis
buffer) and centrifuged at 13000¢ for 20min tc
separate intact from fragmented DNA. The pellet
was then sonicated for, ) s-in 0-2ml lysis buffer.
DNA in the petléand supernatant fractions was
determined by an automated fluorometric method
using Hoechst 33258 fluorochrome (Calbiochem-
Behring, La Jolla, CA, USA) (Brunk ef al. 1979,
Cesarone el al. 1979), modified for our studies. The
method utilized the Technicon Autoanalyzer 11
components {Technicon Instruments Corp., Tarry-
town, NY, USA). including an autosampler fitted
with axd0-place sample tray, a single-speed propor-
tioning pump, and a ﬂuoroncphclomctcr All tubes
were flow-rated Tygon tubing (Fisher Scientific,
Pittsburg, PA, USA). The sampler cam permitted
the analysis of 40 samples/h with a I min running
buffer wash between 30-s sample draws. The fluores-
cence signal was directed o a Hewlett-Packard
3330A integrator (Downer’s Grove, [L, USA),
which automatically identified and quantitated
sample peaks,

The concentration of DNA was determined with
computer software that compared the sample peak
height value with a standard curve of peak heights of
known corcentravons of call’ thymus DNA. The
fluorometric autoanalysis of DNA is more sensitive
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and reproducible than the diphenylamine method.
Sample concentrations of 1-20 ug/ml were ecasily
analysed with the system. Increased sensitivity can
be obtained by increasing the volume of the sample
draw and/or adjusting the sensitivity of the fluorone-
phelometer and integrator. Measurements were
unaffected by the presence of cell homogenates or
reagents in the sample.

The percentage of DNA fragmentation refers to
the ratio of DNA in the 13000 ¢ supernatant to the
total DNA in the pellet and 13000 ¢ supernatant.

2.5. DNA electrophoresis

Thymocytes were lysed in lysis buffer and incu-
bated with proteinase K (50 ug/ml at 37°C for
30-45min). The DNA was sequentially extracted
with equal volumes of phenol/chloroform/isoamyl
alcohol (25:24:1). The aqueous phase was precipi-
tated overnight at —20°C in 100%, ethanol. DNA
was collected by centrifugation at 13000z for
20 min, air dried, and resuspended in 10mm Tris,
I mm EDTA, pH 7-8. Horizontal electrophoresis of
DNA was performed for 2h at 100V in a 0-759%,
agarose gel with 90 mm Tris, 90 mum boric acid, and
2mm EDTA, pH 8-0 as running buffer (Ramakrish-
nan and Catravas 1992a).

2.6. Calcium measurements

Ca?* uptake studies were performed by a method
modified from McClain et al. (1984). Thymocytcs
(1 x 107/ml) were incubated at 37°C for 30 min prior
to radiation exposure in medium containing 10 uC
45Ca?*/ml (*3CaCl,, 28-6 mC/mg, Dupont/NEN
Wilmington, DE, USA). This preincubation time
was sufficient to equilibrate Ca?* stores in the
thymocytes with the isotope (unpublished obscrva-
tions). After irradiation the cell suspcnsion was
returned to 37°C and incubated with gentie mixing.
At sclected times post-irradiation aliquots of the cell
suspension (50ul, 5 x 103 cells) were removed and
layered over 150 ul of a silicone oil mixture [Versi-
lube F30, General Electric, Waterford, NY, USA
with 8%, (v/v) light mineral oil (Fisher Scientific)] in
a 0-6ml micro-centrifuge tube. The sample was
cevrrifuged at 13500 in a microfuge for 45s to
peliet the cells through the oil, separating them from
the radioactive medium. The aqueous and oil layers
were carcfully aspirated, and the cell pellet was
resuspended in Hanks’ Balanced Salt Solution
(GIBCO/BRL) containing 1%, Triton X-100. The
samples were transferred to 7-ml scintillation vials.
The precision of replicates was greatly improved by

also adding to cach vial the pipet tip used to transfer
the sample and the bottom 75 100 ul volume of the
micro-centrifuge tube (cut with a Micro Tul.¢ Cut-
ter, Thomas Scientific, Swedesboro, NJ, TISA).
Ecoscint A biodegradable scintillation solutlon
(7ml) (National Diagnosii s, Manville, NJ, USA)
was added to each scintillzt:on vial, the vial contents
vigorously shaken, and the radioactivity in the sam-
ples counted on a scintillation counter (LS5801,
Beckman Instruments, Fullerton, CA, USA).

The amount of Ca?* associated with the cells was
calculated from the cpm in the cell pellet divided by
the specific activity of **Ca?* in the incubation
medium. The spcciﬁc activity was calculated by
d1v1dmg the cpm in lO,ul of the radioactive ceil
suspemxon by the Ca?* concentration in the incuba-
tion medium (0-42 mm). The quantity of Ca®* asso-
ciated with the cell pellet was normalized to that in
1 x 10% cells.

3. Results

The effect of trolox on DNA fragmentation in
thymocytes exposed to increasing doses of 7-
radiation 1s shown in Fxgurc la and b. There
was no DNA fragmentation in irradiated thymo-
cytes immediately after irradiation (6Gy data;
Figure 1a). DNA fragmentation began in irradiated
thymocytes 2-3h following irradiation and
increased with time. This fragmentation was com-
pletely blocked by . trelax folldwing the post-
irradiation incubation. There was a 10~ -209%, back-
ground DNA fragmentation in unirradiated thymo-
cytes not trcated with trolox following an 8-h
incubation at 37°C (Figure la and b). Incubation of
unirradiated thymocytes with trolox reduced even
the background fragmentation to negligible levels.
Exposure of the cells to trolox did not alter signifi-
canl]y the viability of the cells. After an 8-h incuba-
tion with 10 mm trolox at 37°C under an atmosphere
of 5% ~€0,, 8543% (meantsem, n=3) of the
thymocytes retained the ability to exclude trypan
blue. This compared with a value of 90+ 3%, (r=3)
for cells incubated under the same conditions with-
out trolox.

Electrophoretic analysis of DNA isolated from
thymocytes irradiated with 3Gy showed a typical
‘ladder’ pattern of DNA fragments that were multi-
ples of 200 basc pairs (lanc 4, Figure 2). The DNA
isolated from irradiated thymocytes following trolox
treatment showed no fragmentation (lanc 5). The
DNA of unirradiated thymocytes contained a small
degree of fragmentation (lane 2), and there were no
fragments in thc DNA isolated {from unirradiated
trolox-treated thymocytes (lane 3). The results indi-
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cate that the fragmentation of nuclear DNA into
oligonucleosomal subunits, the most important bio-
chemical event in apoptosis, can be inhibited by
trolox.

Figure 3 shows the eftect of different concentra-
tions of trolox on DNA fragmentation in thymocytes

60
—o— 0 Gy
2 ——0Gy+T
Q 51 _a—3ay
;5 —a—3Gy+T
=z 40 _o-s0y
< —a—6Gy+T
S aof
o
< 20
3 g
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* 104
0- —1
] 14 i LI 1 I H 1
0 2 4 6 8
TIME (H)
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i |
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< 30“ I
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< 204
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Figurc 1. DNA fragmentation in irradiated thymocytes and
inhibition by trolox. (a), at diiferent post-irradiation
times; (b), at 8 h after increasing doses of y-irradiation.
‘Thymocytes (2 % 10° cells/ml) werce irradiated at a dosc
rate of | Gy/min. After irradiation cells were incubated
in fresh medium with or without 10 mum trolox at 37°C
under an atmosphere of 5%, CO, in air. At indicated
times DNA fragmentation was determined as described
in §2. The results are mean £ SF from three independent
experiments (n=6). T, trolox.
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Figure 2. Trolox inhibits DNA fragmentation. DNA was iso-
lated from unirradiated (0Gy) and irradiated (3Gy)
thymocytes after 6-h incubation with or without 10 m»m
trolox and analysed by agarose gel clectrophoresis. Lane
1, standard 1kb DNA ladder; lane 2, 0Gy; lane 3,
0Gy + trolox; lane 4, 3Gy; and lane 5. 3 Gy + trolox.
exposed to 6 Gy. The inhibition of fragmentation by
trolox depended on its concentration in the incuba-
tion medium. Because DNA fragmentation was com-
pletely blocked by 10mMm trolox we used this
concentration in all subsequent studies.

In the studies above, trolox was present in the
mcdium during the en:ire post-irradiation incuba-
tion period. It was possible, however, that the cffec-
iveness of trolox required it to be present only at a
certain stage during the sequence of steps leading to
DNA fragmentation. We therefore performed a ser-
ics of experiments to determine how long trolox must
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Figure 3. Inhibition of DNA fragmentation depends on concen-
tration of trolox. [Irradiated thymocytes (6 Gy) were
incubated in fresh medium with different concentrations
of trolox as described in Figure 1. DNA fragmentation
was determined 8h after irradiation. The results are
mean+ SE from three independent experiments (n=6).

be present after irradiation and how soon after
irradiation it must be added to inhibit DNA
fragmentation.

Figure 4 shows the results of experiments in which
irradiated thymocytes were incubated with trolox
for different lengths of time. At selected times
(0-5-4 h) cells were removed from the medium con-
taining trolox by centrifugation and incubated in
fresh medium without trolox at 37°C in air contain-
ing 59, CO,. DNA fragmentation was then deter-
mined 24 h after irradiation. As shown in Figure 4
the DNA fragmentation in thymocytes irradiated at
3 and 6 Gy was 68 and 769, respectively. The extent
of DNA fragmentation decreased as the incubation
time with trolox increased, reaching a minimum
after a 2-h incubation. DNA fragmentation in irra-
diated thymocytes after a 2-h incubation with trolox
was 15%,, the samc level measured in unirradiated
thymocytes treated the same way with trolox. These
data indicate that a 2-h incubation with-trolox is
sufficient to block the DNA fragmentation measured
at 24h and that once the trolox-sensitive step is
inhibited, fragmentation fails to occur even after
trolox is removed.

To identify how carly trolox must be present (o
block DNA fragmentation after irradiation, we
added trolox to thymocytes during or at different

804
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% . —a&— 3 Gy
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Figure 4. Inhibition of DNA fragmentation depends on the
duration of trolox trcatment. Irradiated thymocytes (3
and 6 Gy) werc incubated in fresh medium with 10 mum
trolox for different perinds of time. At iadicated times
thymocytes were removed from the medium by centri-
fugation. The cells were resuspended in trolox-free
medium and incubated under the «tions described
in Figure 1. DNA fragmertation was determined 24 h
after irradiation. The results are mean4-SE from three
independent experiments (n=6). -

times following irraciation (6 Gy), and determined
the extent of DNA fragmentation 8-h post-
irradiation. The results shown in Figure 5 indicate
that trolox does nog-ifthibit DNA fragmentation
when present only during irradiation. The addition
of trolox within 30 min after irradiation was suffi-
cient to inhibit almost completely the DNA frag-
mentation. Adding trolox lh after irradiation
resulted in about 159, of the DNA becoming frag-
mented. Trolox added 2 or 4h after irradiation
resulted in 20 or 339, DNA fragmentation, re-
spectively. Therefore, trolox completely inhibits
DNA fragmentation only when added within 30 min
after radiation exposure, suggesting that there is a
critical cvent in the process of apoptosis within the
first 30 min after irradiation that is sensitive to
troiox.

We performed experiments to determine whether
DNA fragmentation was correlated with changes in
Ca?* uptake into irradiated thymocytes. The
amount of Ca?* associated with irradiated thymo-
cytes remained the same as unirradiated controls
until 2h post-irradiation (Figure 6). At 3h the
amount of Ca?* associated with irradiated thymo-
cytes was more than twice that of unirradiated
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Figure 5. Inhibition of DNA fragmentation depends on timing
of trolox treatment. Thymocytes were exposed to 6 Gy y-
radiation and incubated under the conditions described
in Figure 1. In one set, thymocytes were irradiated in
the presence of trolox. Immediately after irradiation the
medium containing the trolox was removed by centrifu-
gation and the incubation continued in trolox-free
medium. The other sets were irradiated in mecdium
without trolox; trolox (10mM) was then added at the
indicated times after irradiation and the incubation
continued. DNA fragmentation was determined 8 h after
irradiation. The results are mean +SE from three inde-
pendent experiments (n=6). 6 Gy (bar A); trolox pre-
sent during irradiation, then removed (bar B); trolox
added to irradiated thymocytes 2t O min (bar C}; 30 min
(bar D); 1 h (bar E); 2h (bar F); or 4h (bar G) after
irradiation.

thymocytes (261418 versus 101 +20 pmol/10®
cells). The induction of DNA fragmentation and
influx of Ca?* appear concurrent (2-3h post-
irradiation; compare Figures la and 6). Interest-
ingly, trolox completely inhibited the influx of Ca?*
in irradiated thymocytes.

We also studied the effect of trolox on DNA
fragmentation following glucocorticoid treatment to
determine whether the events blocked by trolox were
specific for apoptosis stimulated by radiation. The
results shown in Figure 7 indicate that trolox also
inhibited DNA fragmentation induced in thymo-
cytes by dexamethazone (compare lancs 4 and 5).

4, Digcussion

Our findings demonstrate that trolox protects
thymocytes from DNA fragmentation induced by 7-

Figure 6. Trolox inhibits Ca?* influx in irradiated thymocytes.
Thymocytes (2 x 107 cells/ml) were incubated at 37°C
in medium containing *>Ca?* (10uC/ml) for 30 min
before irradiation. Immediately after irradiation (6 Gy)
trolox (10 mm) or buffer was added and the incubation
continued. At selected times aliquots of the suspension
were removed, the cclls separated from the medium by
centrifugation through oil, and radioactivity in the cell
pellet determined by scintillation counting. Data repre-
sent the mean+SE of two independent experiments
(n=8).

At
“ 5
o

irradiation. DNA fratgi':entation was not inhibited if
trolox was present only during irradiation (Figure
5), which suggests that the effectiveness of trolox in
these experiments is not a result of its scavenging of
free radicals generated during irradiation. On the
other hand, trolox was very effective in inhibiting
DNA fragmentation if added to the cells during the
first 30 min after irradiation (Figure 5). The longer
the additién_of trolox was delayed, the less the level
of protection observed, which suggests trolox inhibits
an early step in a process that leads to an influx of
Ca’* and DNA fragmentation 2-3h post-
irradiation (Figures la and 6) (Ramakrishnan and
Catravas 1992a, Story ef al. 1992). Trolox need not
be present continuously to exert its effect. Removing
it from the irradiated ccll suspension 2h post-
irradiation led to no greater degree of DNA frag-
mentation observed at 24 h than that measured in
unirradiated controls (Figure 4). These results also
suggest that the events responsible for DNA frag-
mentation begin soon after irradiation. Once these
carly.steps arc blocked the succeeding steps will not
occur,
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Figure 7. Trolox inhibits dexamecthazone-induced DNA frag-
mentation. DNA was isolated from untreated and
dexamethazone-treated (50nM) thymocytes after 6h
incubation with or without 10mwm trolox and analysed
by agarosc gel electrophoresis. Lane !, standard [kb
DNA ladder; lane 2, control; lanc 3, control + trolox;
lanc 4, 50nM dexamethazone;, and lane 5,
dexamethazonc + trolox,

Because trolox has been shown to be an inhibitor
of membrane damage (Wu ef al. 1990, Casini e al.
1985, Doba ¢! al. 1985, Mickle e al. 1989, Barclay et
al. 1984, Burton and Ingold 1985), it scems likely
that trolox protects thymocytes by inhibiting struc-
tural and/or functional membrane changes respon-
sible for triggering apoptosis. This interpretation is
supported by our carlier studies with another lipo-
philic membranc-protecting antioxidant, dihydroli-
poic acid, which also protects thymocytes from

radiation-induced DNA fragmentation (Ramakrish-
nan and Catravas 1992b). It is not surprising that
events within membranes play a central role in
radiation-induced apoptosis. Membrane damage
has been reported in mammalian cells at radiation
doses as low as 0-5 Gy (Parasassi ef al. 1991). Human
lymphocytes exhibit morphological changes in the
plasma membrane within 15min after irradiation
with 0-5-1:5Gy (Chandra and Stefani 1981, Stef-
ani ¢t al. 1977). Furthermore, changes in the struc-
ture and function of cellular membranes in
irradiated thymocytes have been shown to occur
much earlier than DNA fragmentation (Zherbin
and Chukhlovin 1984, Yamada e al. 1969, Chandra
and Stefani 1981, Sungurov and Sharlaeva 1988).
Our initial hypothesis of the mechanism of action
of trolox was that it acted as an antioxidant to block
lipid peroxidation and other membrane oxidations
induced by radiation. However, our observation
that trolox is also a potent inhibitor of
glucocorticoid-induced DNA fragmentation (Figure
7) suggests that such a hypothesis might be too
narrow to explain the trolox inhibition. -
Glucocorticoid-stimulated apoptosis is not known to
involve changes in the membrane like those induced
by radiation. However, little is known of the specific
reactions that occur in the membrane dur:ng gluco-
corticoid stimulation. They may well involve
changes in the oxidation state of reactants, which the
antioxidant trolox could interfer with. The glucocor-
ticoid experiments do not contradict the basic notion
that trolox interfers.with*a Tnembrane-related event
early in the process of apoptosis. Apoptosis stimu-
lated by glucocorticoids is a receptor-mediatcd pro-
cess (Wyllie 1980). Glucocorticoids have been shown
to impair membrane-related transport functions;
cellular transport of amino acids, glucose, and nuc-
leosides have been shown to be inhibited in thymo-
cytes within 60 min after glucocorticoid treatment
(Munck 1968, Makman et a/. 1968, 1971).
Althotigh. it is not yet clear what membrane
functions trolox protects to prevent the DNA degra-
dation induced by radiation, our results strongly
suggest trolox blocks some aspect of calcium meta-
bolism associated with apoptosis Many studies have
shown that a critical event in apoptosis is an increase
in cytosolic Ca?* duc to an internal mobilization of
intracellular Ca?* and an influx of extraccllular
Ca?* (McConkey et al. 1989b, Story o al. 1992).
Threc hours post-irradiation, the amount of Ca?* in
irradiated thymocytes was more than twice that of
those not irradiated (Figure 6). The fact that trolox
blocked the influx of extraccllular Ca®* in irra-
diated thymocytes (Figure 6) suggests that trolox
inhibits a change in membrane function that is
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responsible for calcium mobilization during apopto-
sis. It may be that trolox protects calcium translocat-
ing mechanisms in the membrane that are otherwise
altered by radiation. Indeed, it has been shown that
vitamin E, from which trolox is derived, protects
calcium translocases that are impaired during mem-
brane damage (Ananieva et al. 1984).

In summary, this study supports the hypothesis
that early events in apoptosis stimulated by physical
agents or receptor-mediated processes occur at the
membrane level. Trolox, an inhibitor of membrane
damage, protects thymocytes from apoptosis. The
critical lesion(s) blocked by trolox occur soon after
stimulation. Once the lesion is prevented, trolox can
be removed and apoptosis will not p-oceed. Experi-
ments are currently in progress to identify the speci-
fic membrane events modulated by trolox to prevent
apoptosis.
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